Although the cochlear implant is already the world's most successful neural prosthesis, opportunities for further improvement abound. Promising areas of current research include work on improving the biological infrastructure in the implanted cochlea to optimize reception of cochlear implant stimulation and on designing the pattern of electrical stimulation to take maximal advantage of conditions in the implanted cochlea. In this review we summarize what is currently known about conditions in the cochlea of deaf, implanted humans and then review recent work from our animal laboratory investigating the effects of preserving or reinnervating tissues on psychophysical and electrophysiological measures of implant function. Additionally we review work from our human laboratory on optimizing the pattern of electrical stimulation to better utilize strengths in the cochlear infrastructure. Histological studies of human temporal bones from implant users and from people who would have been candidates for implants show a range of pathologic conditions including spiral ganglion cell counts ranging from approximately 2% to 92% of normal and partial hair cell survival in some cases. To duplicate these conditions in a guinea pig model, we use a variety of deafening and implantation procedures as well as post-deafening therapies designed to protect neurons and/or regenerate neurites. Across populations of human patients, relationships between nerve survival and functional measures such as speech have been difficult to demonstrate, possibly due to the numerous subject variables that can affect implant function and the elapsed time between functional measures and postmortem histology. However, psychophysical studies across stimulation sites within individual human subjects suggest that biological conditions near the implanted electrodes contribute significantly to implant function, and this is supported by studies in animal models comparing histological findings to psychophysical and electrophysiological data. Results of these studies support the efforts to improve the biological infrastructure in the implanted ear and guide strategies which optimize stimulation patterns to match patient-specific conditions in the cochlea.
Introduction
These are very exciting times for the Auditory Prosthesis community: for patients, researchers, and cochlear-implant companies. We are seeing exponential growth in research on cochlear implants and in opportunities to further improve an already amazingly successful neural prosthesis. There are two key classes of variables that influence the performance of cochlear implant users: (1) the ability of the processor to deliver appropriate content in the electrical signal, and (2) the ability of the subject to receive and process that input. In the past decades, significant advances have been made in the fields of electrical engineering, signal processing and computer science which have facilitated the development of faster, more complex, and more power-efficient processors for auditory prostheses. These advances give us a great deal more flexibility in processing-strategy design and stimulus delivery. The challenges now are to determine the limits of the human listener to receive the advanced electrical signals, engineer the biological infrastructure to reduce these limits, and configure the electrical signal to interface optimally with the individual implant user.
In several respects, the technical capabilities of current cochlear prosthesis systems exceed the capacity of the patient to receive and process electrical signals. In the spectral domain, current implants have up to 22 intracochlear electrodes and the technology exists to develop implants with much higher numbers of stimulation sites (Wise et al., 2008) . However, the capacity of patients to use multiple channels typically asymptotes at around 8 channels or less (Friesen et al., 2001) . This is probably due to channel interaction that depends on conditions in the implanted cochlea and the condition of the surviving neural population. In the temporal domain, current implants are capable of delivering very high pulse rates, interleaved across multiple channels. High pulse rates are potentially advantageous because they allow a more detailed representation of temporal information in the envelope of the modulated pulse train. However, in reality, high carrier rates have proved suboptimal for cochlear implant users. Modulation detection thresholds for carrier-pulse rates above about 2000 pulses per second are often poorer than when lower pulse rate carriers are used (Galvin and Fu, 2005; Pfingst et al., 2007) as is the cortical representation of modulation (Middlebrooks, 2004) . This is probably because the representation of the carrier in the auditory nerve and higher auditory centers is poorer at the high pulse rates than at the low pulse rates. Thus, in order to optimally utilize the information provided by the currently available technology, the physiology and biophysical conditions in the implanted cochlea must be taken into account.
The ability of the auditory pathway to receive and process complex electrical signals depends in part on the conditions in the implanted cochlea, which vary considerably from subject to subject and from one stimulation site to another in a hearing impaired patient. Recent advances in cell and molecular biology offer many potential opportunities to modify the biological infrastructure in the implanted cochlea and improve the interface between the cochlear implant and the stimulated neural pathways. To optimize this tissue engineering requires an ability to estimate morphological and physiological conditions in the implanted ear, preferably on a site by site basis, as well as an understanding of the functional implications of those conditions.
In this review, we will first consider the current state of knowledge about the infrastructure of the human cochlea in deaf and implanted ears. We will then review the relationships between cochlear conditions and functional data from humans and from animal models that attempt to replicate the human conditions. Finally, we will discuss the implications of our current state of knowledge for treatment of hearing impaired patients with cochlear implants, and the research that our laboratories are undertaking to apply these data to rehabilitation strategies for these patients.
Histological status of deaf and implanted ears in humans
In order to design and interpret experiments on the effects of cochlear infrastructure on implant function in humans and in animal models, we need to consider the condition of the cochlea in humans who have cochlear implants. Histological analysis of temporal bones generally assesses the preservation of tissues at three levels: first, the survival of the sensory epithelium (inner and outer hair cells); second, survival of peripheral processes of the auditory nerve; and third, the number of spiral ganglion cells remaining in Rosenthal's canal. Additionally, analysis must consider new bone and fibrous tissue growth in the implanted cochlea.
Conditions in the implanted human cochlea have been estimated in two ways: First by postmortem examination of temporal bones from people who would have been candidates for an implant based on their audiological records; and second, by postmortem examination of temporal bones of actual cochlear implant users. To validate the first approach, it is important to compare deaf implanted and deaf non-implanted cochleae from the same individual. Implantation often results in a characteristic pattern of injury to the lateral wall in the 8e15 mm region, and is often accompanied by new fibrous tissue and bone growth, which may impact current conduction paths during electrical stimulation (Nadol, 1997) . When comparing the deaf implanted cochlea to the deaf non-implanted cochlea, the basal turn is the area of greatest difference in terms of hair cell counts, peripheral processes, spiral ligament and stria vascularis (Fayad et al., 2009) . What remains less clear is the effect of implantation on spiral ganglion cell counts. In two studies, total spiral ganglion cell counts were modestly lower in implanted deaf ears when compared to non-implanted deaf ears, but this difference was not statistically significant (Khan et al., 2005b; Fayad and Linthicum, 2006) . Other studies suggest that spiral ganglion cell counts in the basal segments may actually be higher in implanted ears than in non-implanted ears, the hypothesis being that stimulation provides some protection against neuronal degeneration (Nadol et al., 2001; Khan et al., 2005b) . This hypothesis is supported by studies in guinea pigs demonstrating enhanced spiral ganglion cell survival in stimulated ears when compared to non-stimulated ears (Mitchell et al., 1997; Miller, 2001) .
Several theories exist about the degeneration of neuronal elements in the cochlea after damage to the organ of Corti. It is generally believed that when hair cells are lost and sensory afferent information ceases to be transmitted, subsequent retrograde degeneration of nerve fibers toward the spiral ganglion cell bodies ensues. Spoendlin (1966) , Johnsson (1974) and others have correlated loss of spiral ganglion cells with loss of inner hair cells. Others have suggested a relation between loss of spiral ganglion cells and loss of the supporting cells (Schuknecht, 1953; Otte et al., 1978) . In mammalian animal models, there is significant loss of spiral ganglion cells after damage to the cochlea (Webster and Webster, 1981) . However, in contrast to animal models, human temporal bone studies sometimes reveal relatively good spiral ganglion cell survival despite near total organ of Corti destruction and sufficient variability across cases that conclusions about these degenerative patterns are difficult (Hinojosa and Marion, 1983) .
A wide range of spiral ganglion cell survival has been observed in the deaf human cochlea, as illustrated in Table 1 . Spiral ganglion cell counts in the normal human cochlea range from 29,802 to 39,520, with an average of 33,915 cells (Hinojosa and Marion, 1983) . In this review we use these numbers to calculate survival percentages from the data presented in the literature. In deaf, but non-implanted cochlea, the range of spiral ganglion survival ranged from approximately 4% to 92% (Hinojosa and Marion, 1983; Incesulu and Nadol, 1998) . In the deaf, implanted cochlea, the range was modestly lower; approximately 2% to 72% (Nadol et al., 2001; Fayad and Linthicum, 2006) . On average, spiral ganglion cell survival was around 25% of normal, yet even in the deaf implanted ear there were some cases of spiral ganglion cell survival greater than 85% (Fayad and Linthicum, 2006) . The greatest number of peripheral fibers and spiral ganglion cells were usually found in those few areas where inner hair cells were still present (Hinojosa and Marion, 1983; Zimmermann et al., 1995) .
In addition to the range of spiral ganglion survival observed across patients, it is also valuable to consider the variation in nerve survival along the tonotopic axis for an individual cochlea. This is especially important when interpreting psychophysical measures in humans across electrode stimulation sites (as discussed in Section 3.2) because variations in nerve survival along the electrode array imply that individual stimulation sites contact differing numbers of surviving sensorineural elements. Hinojosa and Marion (1983) reported spiral ganglion cell survival as low as 20% in the base, while near 100% in the apex in the non-implanted deaf ear. This gradient of survival from base to apex is generally supported by the findings of Zimmermann et al. (1995) , Nadol (1997) and others, regardless of etiology. However, there are cases which demonstrate patchy survival of sensorineural elements, such as that illustrated in Fig. 1 (Johnsson et al., 1981) . After examining five ototoxically damaged human cochleae, Johnsson and colleagues concluded that cases with mild ototoxic damage demonstrated a base-to-apex gradient of survival, cases with moderate ototoxic damage demonstrated patchy asymmetric survival, and the most severe cases of damage resulted in extensive, bilaterally symmetric, neuronal destruction. The trend across etiologies including labrynthitis, and otosclerosis appears to be that milder insults often result in more patchy and asymmetric damage when compared to severe insults. This is especially important to keep in mind given that the criteria for cochlear implant candidacy have broadened considerably in the past 20 years. People with considerable residual acoustic hearing can be candidates if they are experiencing less than 60% speech recognition in the best acoustically aided ear. Therefore, it is reasonable to expect that conditions in the implanted cochlea on average will be better than those reported in most studies currently in the literature, and perhaps the histological picture may be even more varied along the tonotopic axis than demonstrated in prior histological studies.
Certainly the histological picture of hearing loss in the human involves variable loss of inner and outer hair cells, correlated with more or less severe degeneration of peripheral fibers and spiral ganglion cells. In our aminoglycoside-deafened and implanted guinea pigs, spiral ganglion cell survival has ranged from 1.6% to 20%, which is in the lower end of the spectrum of survival seen in deaf human ears. Better spiral ganglion cell survival can be obtained by implanting animals without pre-deafening, creating a model which may more accurately reflect the most recent implant patients who still have various degrees of residual hearing (Kang et al., 2010) . Perhaps the most representative animal model of the median human histological picture is the deafened, implanted ear that has been treated with neurotrophins. Multiple studies suggest that locally delivered neurotrophins encourage peripheral nerve fiber growth, and maintain spiral ganglion survival, even in the absence of hair cells (Wise et al., 2005; Agterberg et al., 2008; Scheper et al., 2009; Shibata et al., 2010) .
Dependence of cochlear implant function on cochlear infrastructure

Relation of histology to functional data from patients
Postmortem examination of temporal bones from cochlear implant users has yielded some unexpected results with regard to implant functional data collected months to years prior to death. It was believed that spiral ganglion cell count would correlate with implant functional outcome measures such as speech perception. As both spiral ganglion cell counts and speech perception decrease with increasing duration of deafness, theoretically these two variables could be correlated (Nadol, 1997; Khan et al., 2005a) . However in multichannel cochlear implant users there is poor correlation between spiral ganglion cell survival and speech recognition (Nadol et al., 2001; Fayad and Linthicum, 2006) . Examination of 14 patients with multichannel Nucleus or Ineraid cochlear implants by Khan et al. (2005a) concluded that increased numbers of spiral ganglion cells does not predict implant success when using scores on the NU-6 word recognition test. Examination of eight patients with multichannel implants by Nadol et al. (2001) showed an apparent negative correlation between spiral ganglion cell counts and NU-6 scores. The two patients with the lowest percent survival (<15%) had the better NU-6 scores (30%) while the two patients with the greatest percent survival (50%, and 32%) had the worst NU-6 scores (<15%). While counterintuitive, these results could be due to other variables such as aberrant current paths, central processing deficits, and lower verbal abilities, which have been correlated with lower NU-6 scores (Fayad and Linthicum, 2006) . It is also important to keep in mind the limitations of the NU-6 test itself, as it is performed in quiet, and is widely used in clinical fitting verification so patients have increasing familiarity with the test over time.
As speech recognition is believed to depend in part on comfort levels and dynamic ranges for individual implant users, Kawano et al. (1998) studied five temporal bones in order to correlate thresholds, comfort levels and dynamic ranges with spiral ganglion Criteria for potential implant candidacy: a Pure-tone average (PTA) of 70 dB or greater and speech discrimination < 30%. b PTA of 90 dB or greater and no speech discrimination.
cell survival and new tissue growth. That study found a statistically significant positive correlation between comfort levels, dynamic ranges and spiral ganglion cell survival. However, psychophysical detection threshold levels were not strongly correlated with spiral ganglion cell survival across patients. While spiral ganglion survival might not predict cochlear implant success for speech recognition, it can perhaps help inform the selection of implant stimulation parameters.
There are some limits to the data from the aforementioned histological analyses. Age at implantation, etiology of deafness, duration of deafness, duration of implant use, and cause of death are important variables that play a role in histological appearance. As continued degeneration of sensory elements is expected, the histological picture obtained after death will likely overestimate the degree of pathology present during the time of implant use by variable degrees, depending on many uncontrolled variables. An advantage of animal models is that they allow greater control of these variables and standardization of time intervals between implantation, functional measurement, and death.
No study has yet examined the relationship of peripheral fiber survival specifically to cochlear implant function in humans. It is hypothesized that with more robust peripheral fibers, the proximity of the nerve endings to the site of stimulation would allow for better spatial resolution and possibly decreased detection thresholds for cochlear implant stimulation. The functional implications of peripheral fiber survival are of particular interest in our model of cochlear implantation in the setting of neurotrophin treatment as we can facilitate peripheral fiber regeneration through the osseous spiral lamina and into the basilar membrane area (Shibata et al., 2010) .
Evidence from psychophysical studies in human subjects
There is little doubt that multiple variables contribute to the performance of individuals with cochlear implants. These include conditions in the cochlea that affect the current pathways from the electrodes to the neurons, the locations and conditions of surviving neurons, the condition of central auditory pathways and synapses, and cognitive variables. The large number of variables that can influence implant performance makes it difficult to interpret the comparisons across subjects between cochlear infrastructure and implant function, particularly for complex functional measures such as speech recognition as reviewed in Section 3.1.
Evidence that conditions in the cochlea near the stimulating electrodes affect implant function comes from psychophysical studies of perceptual acuity for stimulation at individual sites in the electrode array. These studies show large variations in performance across stimulation sites (e.g., Donaldson et al., 1997; Pfingst and Xu, 2004; Bierer, 2007; Pfingst et al., 2008; . A reasonable interpretation of these findings is that nerve survival and other conditions vary from one stimulation site to the next and lead to across-site variation in perception. Examples of such variation across 22 stimulation sites for three human subjects are shown in Fig. 2 . Several points are worth noting. First, for all of the psychophysical measures tested, performance levels vary from one stimulation site to the next, although the magnitude of variation is listener and measure specific. Across-site variation in the results for these measures suggests that the electrical hearing is dependent in part on conditions near the stimulated electrodes, not solely on a more global variable such as the subject's cognitive ability. Second, the across-site patterns for any given measure are not consistent across subjects. For example, for Subject 60, modulation detection thresholds are lowest in the region around Electrodes 5 to 9 in the right ear whereas for the right ear of Subject 81 they are highest in that region. These across-listener differences in acrosssite patterns suggest that the across-site variation is not due to normal variation in morphology and physiology along the tonotopic axis of the cochlea but rather that it is based on patterns of variation in pathology that are specific to each subject, or to subject-specific electrode placement. Third, the across-site patterns are not consistent within subjects across all psychophysical measures. For example, for the right ear of Subject 60, compare the across-site pattern of modulation detection thresholds (MDTs; a measure of temporal acuity) with the across-site pattern of Amount of Masking of modulation detection (a measure of channel interaction). In Subject 60, and other subjects, the across-site patterns for the two temporal measures, MDTs and gap-detection thresholds (GDTs), are more similar to each other than either of them is to the channel interaction measure, Amount of Masking.
The fact that different psychophysical measures show different patterns of across-site variation in a given subject suggests that the underlying mechanisms that affect perception are not the same for all measures of perception. Further evidence for measure-specific mechanisms comes from studies of the effects of electrode configuration on the across-site variation in performance. Specifically, electrode configuration has a dramatic effect on the acrosssite variance of detection threshold levels with the variance being much lower for monopolar stimulation than for narrow bipolar or tripolar stimulation (Pfingst and Xu, 2004; Bierer, 2007) but electrode configuration has little or no effect on across-site variation in modulation detection thresholds (Pfingst, 2011) . Finally, it is interesting to compare the across-site patterns for a given measure in the left and right ears of subjects with bilateral cochlear implants. In some cases these patterns are strikingly similar for the two ears (e.g., the across-site patterns of MDTs in Subject 60), suggesting that the conditions in the two ears were affected in a similar manner by a common (in this case genetic) etiology.
Overall, the across-site patterns of psychophysical performance are consistent with the idea that local conditions in the implanted cochlea affect the perception of electrical stimuli. Further evidence for this comes from animal studies described in Section 3.3. The importance of the individual psychophysical measures for perception of multichannel stimuli such as speech signals can be assessed by site-selection experiments that are described in Section 4.
Functional and histological data from animals
Studies in animals allow a more direct comparison between conditions in the implanted cochlea and cochlear implant function than is possible in human subjects. In animals, histological analysis can be obtained within a short time after obtaining detailed electrophysiological and psychophysical data. Recent work from our laboratory has used a guinea pig model to examine the relationship between nerve survival patterns in the cochlea and cochlear implant function. A variety of well developed assessment tools are available for these experiments, many of which were initiated or refined over the last 50 years by faculty and staff at the Kresge Hearing Research Institute (KHRI). These include animal psychophysics procedures (Stebbins, 1970) ; procedures for protection and regrowth of auditory nerve (Miller et al., 2002) ; assessment of ensemble spontaneous activity in the auditory nerve (Dolan et al., 1990) ; use of multichannel thin film electrode arrays for recording neural discharges simultaneously from multiple sites along the tonotopic axis in the central nervous system in response to cochlear implant stimulation (Middlebrooks and Bierer, 2002; Anderson, 2008) ; gene therapy procedures for drug delivery (Raphael and Yagi, 1998) ; and surface preparations and other histological procedures for assessment of cochlear pathology (Johnsson and Hawkins, 1967) .
To study the relationship between cochlear infrastructure and prosthesis function, we used a variety of implantation and treatment procedures, resulting in a wide range of conditions in the implanted cochleae. Results for three cases are shown in Figs. 3e6. Results for these cases are representative of those seen in larger groups of animals from experiments previously published (Chikar et al., 2008; Kang et al., 2010) , presented , or in progress. Some animals were implanted with a cochlear-implant electrode array in a hearing ear. In most cases using this procedure, some residual hearing remained in the tonotopic region occupied by the implant (around 16 kHz) and considerable hearing remained apical to the implant. On average there was about a 40 dB hearing loss at 16 kHz after implantation. These animals typically had some surviving inner and outer hair cells, auditory nerve peripheral processes, and spiral ganglion cell-body packing densities that were moderate to near normal (e.g., Kang et al., 2010 and the "Hearing" animal in Fig. 3 ). Another group of animals was deafened prior to implantation by injection of neomycin sulfate into the scala Fig. 2 . Across-site patterns of various psychophysical measures for three human subjects with Nucleus CI24R(CS) or Freedom implants (one subject per column). All three subjects had bilateral implants. Functions for the right ear are shown in red and those for the left ear are shown in blue. Across-site patterns for 7 psychophysical measures are shown.
Monopolar stimulation with 500 ms trains of 50 ms/phase pulses at 900 pulses/s (pps) was used in all cases except gap detection where the pulse rate was 1000 pps. Top row:
Triangles ¼ maximum comfortable loudness levels (C levels); Circles ¼ detection threshold levels (T levels). Second row: Dynamic ranges (C levels minus T levels). Third row:
Modulation detection thresholds (MDTs) measured at 50% of the dynamic range (50% DR). Sinusoidal modulation of phase duration at 10 Hz around a mean of 50 ms/phase was used.
Units for MDTs are modulation depth in dB re 100% modulation. Fourth row: MDTs measured in the presence of an unmodulated pulse train (masker) presented at 50% DR on an adjacent channel and interleaved with the modulated pulse train. The masker site was the next apical site to the site where the MDTs were measured in all cases except when the MDTs were measured for site 22 and the masker was on the adjacent basal site. Fifth row: Amount of masking ¼ masked MDTs (data from row 4) minus nonmasked MDTs (data from row 3). Sixth row: Gap-detection thresholds (GDTs) measured at 50% DR. Details of the psychophysical procedures are similar to those reported in Pfingst et al. (2008) and tympani. These animals showed a complete absence of all hair cells, few peripheral processes, and greatly reduced spiral ganglion neuron (SGN) cell-body packing densities (e.g., Kang et al., 2010 and the "Deaf" animal in Fig. 3) . A third group of animals was deafened with neomycin or systemic kanamycin and ethacrynic acid and then the cochleae were inoculated with an adeno-associated virus carrying a neurotrophin gene (BDNF or NTF-3). The adenoassociated virus transfected cells remaining in the basilar membrane area and upregulated the secretion of the neurotorphin proteins. This inoculation resulted in regrowth of peripheral processes toward the basilar membrane area and retarded the degeneration of SGN cell bodies (e.g., Shibata et al., 2010 and the "Deaf þ AAV.NTF-3" animal in Fig. 3) .
The mere presence of SGN cell bodies with a nucleus, as observed under the light microscope, does not guarantee that the neurons are functional at a physiological level. We have used several functional measures to assess functional differences among populations of surviving neurons in the region occupied by the cochlear-implant electrode array.
Spontaneous activity in surviving auditory nerve fibers, which depends in large part on the presence of functional inner hair cells, can have marked effects on the temporal properties of the neural response to electrical stimulation (Hu et al., 2003) . We have assessed spontaneous activity in our animal preparation using the ensemble spontaneous activity (ESA; aka round-window noise) measure originally developed by Dolan et al. (1990) and later elaborated by Searchfield et al. (2004) . We have recorded this activity from the cochlear implant focusing on the electrodes that were used for primary psychophysical data collection. Details of the procedure are given in Kang et al. (2010) . The animals that were implanted in a hearing ear and that still had residual acoustic hearing after implantation showed peaks in the ESA spectrum around 900 Hz, indicative of spontaneous activity in the auditory nerve (e.g., trace shown in black in Fig. 4 ). Animals deafened with neomycin prior to implantation showed no such peaks (e.g., light gray trace in Fig. 4) . Animals deafened prior to implantation and treated with AAV.NTF-3 are of particular interest. The ESA spectrum for these animals failed to show a clear peak in the 900 Hz region, but the voltages for these tracings were higher in that region than those for the tracings for the deaf animals (e.g., dark gray trace in Fig. 4) . The voltages in the AAV.NTF-3 treated animals suggest that there might be some spontaneous activity in the auditory nerve of these animals despite the lack of hair cells, but further research is needed to determine if this is the case. Fig. 5 shows amplitude growth functions for electrically-evoked compound action potentials (ECAPs) for animals with various degrees of nerve survival as shown in Fig. 3 . The slopes of these functions vary systematically across animals with the steepest slope occurring in the animal with the best nerve survival and the shallowest slope found in the animal with a very low nerve survival. Similar differences in slopes of electrically-evoked potentials have been associated with degree of nerve survival in other studies including those by Smith and Simmons (1983) and Hall (1990) using electrically-evoked auditory brainstem responses (EABRs) and Jyung et al. (1989) using electrically-evoked middlelatency responses (EMLRs). This is in line with the theory that the slope correlates with an increase in the number of neurons that respond to every increment in stimulation level, i.e. that a steeper Fig. 4 . Spectra for ensemble spontaneous activity recorded from Electrode B for the three animals for which histology is shown in Fig. 3 . A peak in the spectrum near 900 Hz (À29.7 dB re 1 V) is typical of animals with residual acoustic hearing and presumed spontaneous activity in the auditory nerve (See Kang et al., 2010: mean ¼ À33.4 dB, s.d. ¼ 1.84, n ¼ 11). The lack of a distinct peak and the low potentials (max À42.9 dB) near 900 Hz in the deaf animal is also similar to data reported previously (Kang et al., 2010 : mean ¼ À44.4 dB, s.d. ¼ 2.5, n ¼ 4). The intermediate voltage (À40.6 dB) recorded for the Deaf þ AAV.NTF-3 treated animal is similar to that found in four other animals that were treated with neomycin followed by AAV.NTF-3 (unpublished results: mean ¼ À41.1 dB, s.d. ¼ 2.2, n ¼ 4). Fig. 3 . Histological results for three representative animals differing in the treatment and implantation procedures. All three animals received an eight-electrode Nucleus animal cochlear implant (Cochlear Corp., Lane Cove, Australia) in their left ear. The implants were inserted through a cochleostomy made approximately 0.7 mm apical to the round window. The electrodes were spaced at approximately 0.75 mm intervals and were labeled A through H with A being the most apical. The "Hearing" animal received the cochlear implant in an ear that had normal hearing prior to implantation. After implantation while pulse rate data in Fig. 6 were collected, thresholds for 16 kHz pure tones were elevated by 8.1 dB relative to the pre-implant thresholds. The "Deaf þ AAV.NTF-3" animal was deafened prior to implantation by systemic administration of kanamycin (400 mg/kg) and ethacrynic acid (35 mg/kg). Seven days later, the left ear was inoculated with AAV.NTF-3 (5 mL) injected into the scala tympani through the cochleostomy and then, 20 min after the inoculation, the cochlear implant was inserted. The "Deaf" animal was deafened in the left ear by local injection of neomycin sulfate (60 ml, 10% w/v) through the round window prior to implantation.
Histological data were obtained from peri-midmodiolar sections that were centered at the location of the primary electrode used for psychophysical and electrophysiological data collection (Electrode B, which was located in the first half of the basal turn approximately 3.8 mm on average from the round window). Five 2.5 mm sections were analyzed and spaced at intervals of 25 mm. Means of results for these five sections are shown. Inner hair cells (IHC) were counted only if a nucleus was present. Percent normal (left ordinate) is shown where normal equals one hair cell per section. The outer hair cells (OHC) were counted if any part of the cell was visible and normal equals 3 hair cells per section. Individual peripheral processes could not be counted in the peri-midmodiolar sections so density of peripheral processes was estimated on a scale of 0 to 3, with 3 being normal. Spiral ganglion cell packing density (right ordinate) was estimated by counting the number of cells with a nucleus in the cross section of Rosenthal's canal and dividing by the area of that cross section. Histological results for the hearing animal and those for the deaf animal are similar to those reported by Kang et al. (2010) .
growth function indicates a greater number of neurons activated for every increment in stimulation level. Importantly, a recent study by Kim et al. (2010) found a correlation between slopes of ECAP amplitude growth functions and speech recognition in human subjects using a short (hybrid) electrode array inserted into the first half of the basal turn of the cochlea, similar to the implant placement in our guinea pig experiments.
It is commonly assumed that healthy conditions in the cochlea will be associated with lower detection thresholds for cochlear implant stimulation. Lower thresholds would have several advantages for the function of the auditory prostheses including longer battery life and/or the ability to safely use electrodes with smaller surface areas to achieve better spatial resolution. However, we have found that the relationship between nerve survival and detection thresholds for electrical stimulation is not simple. In animals with good nerve survival, thresholds for short-duration pulsatile stimuli (such as those commonly used in most current cochlear implants) are typically lower than in those animals with poor nerve survival, whereas for long-phase-duration signals (such as low-frequency analog stimuli), the opposite is often true (Su et al., 2008; Kang et al., 2010) . The effects of phase duration probably reflect differences in membrane properties at the site of action-potential initiation. Furthermore, for pulse trains with short-duration pulses, the magnitude of difference in threshold between animals with good nerve survival and those with poor nerve survival depends on the pulse rate. This is because for animals with good nerve survival, thresholds decrease as a function of pulse rate whereas for animals with poor nerve survival, pulse rate below 1000 pulses per second has little or no effect on detection thresholds (e.g., Kang et al., 2010 and function in light gray in Fig. 6 ). Above 1000 pulses per second all subjects show decreases in threshold as a function of pulse rate for both psychophysical and cortical-neural thresholds (Middlebrooks, 2004; Kang et al., 2010 ; and examples shown in Fig. 6 ). Slopes at these pulse rates are probably due in part to additive effects of partial depolarization of one subthreshold pulse on the thresholds for discharge for subsequent pulses (Middlebrooks, 2004) . The slopes of the psychophysical threshold versus pulse rate functions for pulse rates below 1000 pps are a particularly good indicator of a healthy infrastructure in the implanted cochlea (Kang et al., 2010 and examples in Fig. 6 ). The slightly steeper slopes of the function for the AAV.NTF-3 treated animals compared to those typical of deaf animals is intriguing. This will be explored further in ongoing experiments.
Discussion
Psychophysical detection and discrimination of cochlear implant stimuli varies considerably from one stimulation site to another with across-site patterns that are specific to individual subjects, as described in Section 3.2. This suggests that conditions near each stimulation site have a strong influence on cochlear implant function. This contention is supported by research in animals (Section 3.3) where the conditions near the stimulation sites can be measured histologically in close proximity to the time of psychophysical data collection, and is consistent with the patchy nerve survival patterns along the length of the cochlea that are often observed in human temporal bones from potential or actual implant users (Section 2).
There are several important implications of these findings for future treatment of hearing impairment with cochlear implants. First, they support the efforts in tissue engineering to improve the infrastructure of the implanted cochlea and they can help guide those efforts by identifying the biological elements that are most important for specific features of cochlear implant function. Some of these tissue engineering procedures are elaborated in the article Stimuli were 25 ms/phase biphasic pulses of alternating initial-phase polarity presented at 50 pps, delivered using a MED-EL Pulsar ci100 receiver/stimulator connected to the implant through a percutaneous connector. ECAP amplitudes were calculated as the peak to peak voltages: P2 (latency w0.3 ms) minus N2 (latency w0.8 ms) from waveforms averaged over 20 pulses. The differences in slopes of the ECAP input/output functions across the three conditions shown here have been duplicated in preliminary data from experiments currently in progress involving three hearing animals, four deafened AAV.NTF-3 inoculated animals and two deafened AAV.empty inoculated animals. Fig. 6 . Psychophysical detection thresholds for monopolar pulsatile stimulation of Electrode B as a function of pulse rate for the three animals for which histology is shown in Fig. 3 . Stimuli were 25 ms/phase biphasic pulses delivered by a controlledcurrent stimulator (built in house). Stimulus levels in mA were controlled in 1 dB steps. Detection thresholds (50% correct detections) are presented in dB relative to 1 mA peak. Pulse-train duration was 200 ms. Means and standard deviations for three repeated measures are shown. Other details of the psychophysical training and testing procedures are given in Kang et al. (2010) . Best-fit linear regression lines were fit to the data points below 1000 pps and separate lines were fit to the data above 1000 pps. These slopes, in dB per doubling of pulse rate, are given in the inset table. Differences between the deaf and hearing animals in the slopes and levels of these functions are similar to those reported in Kang et al. (2010) . Experiments are currently in progress for two other guinea pigs that were deafened and inoculated with AAV.NTF-3. Slopes for these animals for pulse rates below 1 kpps were similar to those for the deafened AAV.NTF-3 treated animal in this graph (À0.88 and À1.36 dB/doubling).
by Shibata et al; in press in this special issue of Hearing Research. Determining which biological elements are most important for implant function is complicated by the fact that survival rates of multiple elements are correlated. Hair cell loss is usually followed by loss of auditory nerve peripheral processes and then cell bodies (Section 2). This makes it difficult to determine which of the elements have what effect on implant function. As Lars Johnsson observed from his work at KHRI in the 1970's: "the fact that sensory and neural degeneration rarely occur in reasonably "pure" forms may explain why it is often difficult to distinguish between them by means of audiological tests alone" (Johnsson, 1974) . Now, however, the ability to regenerate neural elements in the cochlea following hair cell destruction in animal models (Shibata et al., 2010; Wise et al., 2010) has provided the opportunity to separately study the contributions of neural and sensory elements to cochlear implant function.
A second implication of the finding that cochlear implant performance varies from site to site along the electrode array is that many implanted subjects have both strengths and weaknesses with regard to electrical hearing that depend on the specific sites of electrical stimulation within their cochlear implant. This observation supports the strategy of selecting specific stimulation sites for the processor map based on the psychophysical data. The efficacy of such a site-selection strategy was demonstrated originally by Zwolan et al. (1997) and more recently, .
It is important to note that although both the animal and the human data suggest that cochlear conditions affect perception as assessed with psychophysical procedures, not all psychophysical measures of perception are affected in the same way. This is reflected in Fig. 2 where the across-site patterns differ from one measure to another in the same subject. It follows that the effectiveness of the site-selection strategy will depend on the psychophysical measure being used and on the multisite function being targeted. In our recent experiments, we have found that a psychophysical measure that assesses both spatial and temporal acuity is effective for identifying stimulation sites that are important for recognition of speech in a noisy background. In these experiments we selected sites for experimental processor maps based on psychophysical measures of envelope modulation detection in the presence of an unmodulated pulse train interleaved on an adjacent stimulation site. By using this measure to select stimulation sites for experimental processor maps, we were able to achieve improvements in speech recognition even with respect to the subjects' every day processor maps, with which they had considerably more experience. Experiments are in progress to determine the extent to which training with these experimental processor maps results in further improvements in speech recognition in noise.
The within-subject across-site comparisons in humans perhaps give a clearer and more practically-useful view of the relationship between infrastructure of the implanted cochlea and cochlear implant function than can be obtained from across-subject studies. In the across-subject studies, the data are complicated by many other subject-specific variables that affect implant performance, particularly for complex functions such as speech recognition. The within-subjects approach requires two stages. First, we must determine what psychophysical or electrophysiological measures of implant performance are affected on a site-specific basis and second, we must determine how performance on those measures is related to speech recognition or other measures that require multisite stimulation. This work, including the study by is currently in progress.
From our work in animals, we and other investigators have identified psychophysical and electrophysiological measures that are correlated with nerve survival and other conditions in the implanted cochlea. Examples include levels of ensemble spontaneous activity (Fig. 4) , slopes of ECAP growth functions (Fig. 5) , and slopes and levels of psychophysical detection threshold versus pulse rate functions (Fig. 6) . The next critical step is to determine the relation of these measures to speech recognition in humans. Selecting stimulation sites for the speech-processor map based on these measures is a powerful experimental procedure for assessing the importance of the measures for speech recognition because it uses a within-subject design that reduces confounding effects of across-subject differences in other variables. Data from this approach should greatly improve our understanding of the roles of cochlear infrastructure for cochlear implant function which can then guide tissue engineering procedures to improve the infrastructure as well as site-selection procedures to take advantage of regions with the best infrastructure. This could lead to significant improvements in the treatment of hearing loss.
